We demonstrate an evanescent field modality for terahertz frequency time-domain measurements, based on the interaction between a sample and the evanescent field extending above lithographically defined terahertz waveguides. We quantify this interaction using freely positionable dielectric samples ͑GaAs͒ moved in close proximity to the waveguide ͑a terahertz microstrip line͒, finding a reduction in the microstrip-propagating pulse amplitude and an increase in its time delay when the dielectric is brought into the microstrip evanescent field. We also show that the frequency response of resonant passive circuit elements ͑stub band-stop filters͒, integrated into the microstrip line, can be used to determine the terahertz frequency properties of scanned samples, opening the way for a terahertz subwavelength imaging modality, the resolution of which is limited by lithographic constraints, rather than by free-space diffraction.
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Terahertz time-domain spectroscopy ͑TDS͒ is now widely used to access the terahertz frequency properties, such as the refractive index and absorption coefficient, of a large range of materials, including crystalline semiconductors, 1 chemical compounds, 2 and biological materials. 3 Furthermore, terahertz TDS can be readily adapted to produce images, by scanning samples laterally in the cross section of the free-space propagating terahertz beam;
4,5 the resolution of such imaging is set by the ͑diffraction-limited͒ lateral dimensions of the terahertz focal spot size, which is typically of order ϳ1 mm 2 . Terahertz TDS can also be extended to allow terahertz frequency imaging with subwavelength resolution, by perturbing the freespace propagating terahertz pulses with a metallic needle, 6, 7 in a technique adapted from near-field scanning optical microscopy. A significant limitation here, though, is that the needle necessarily concentrates only a small portion of the terahertz beam, wasting most of the available signal. Alternative existing approaches to terahertz microscopy include those based on apertures, using either a permanent physical aperture formed in metallic materials, 8 or a dynamic aperture created by near-infrared ͑NIR͒ radiation. 9 Such systems suffer from the majority of the available terahertz radiation being reflected from the aperture, with the proportion reflected increasing for higher resolution systems which employ smaller apertures. Furthermore, dynamic apertures are usually created in a substrate adjacent to the sample being studied. This is problematic for the study of light sensitive specimens such as semiconductors, where charge carriers may be induced by stray NIR radiation, or biological materials, which may be modified or damaged. In this letter, a new and different technique for subwavelength terahertz measurements is demonstrated, which does not suffer from these limitations, and which has the potential for general application to a wide range of material systems.
Previously, we have shown that terahertz frequency range circuits can be used to extract the terahertz permittivity of directly deposited thin films, 10 with potential applications for biosensing. 11 Inspired by microwave frequency range evanescent field microscopy, 12 we show here that the evanescent field extending above terahertz frequency electronic circuits can also be used for noncontact, subwavelength measurements. In particular, we investigate the effect on terahertz pulse propagation in microstrip lines and passive filters of dielectric samples brought into the evanescent field, by comparing data obtained from lateral scanning of the samples above the circuit with high frequency simulations of the system.
Terahertz microstrip lines were used, with benzocyclobutene dielectric, and integrated terahertz emitters and detectors formed from low-temperature-grown GaAs ͑LT-GaAs͒ for terahertz pulse excitation and detection ͑Fig. 1͒, as discussed in Refs. 13 and 14. Time-domain measurements were made using a photoconductive sampling scheme similar to Ref. 10 , in order to yield the circuit response. Two bandstop filters ͑centered at 260 and 600 GHz, with geometries of 194ϫ 5 and 82ϫ 5 m 2 , respectively͒ were incorporated into the circuit design, as shown in Fig. 1͑a͒ .
GaAs dielectric samples were prepared from dual-sidepolished epitaxy-ready 0.5-mm-thick undoped GaAs wafers, a͒ Electronic mail: j.e.cunningham@leeds.ac.uk.
FIG. 1. ͑a͒
Schematic of a guided-wave terahertz microstrip circuit probing a GaAs dielectric sample ͑1͒, not to scale. Near-infrared ͑800 nm, 100 fs, 80 MHz repetition rate͒ excitation ͑2͒ and time-delayed ͑3͒ detection pulsed laser beams, were focussed onto photoconductive switches formed from LT GaAs; these LT-GaAs switches, integrated into the microstrip line, generate ͑4͒ and detect ͑5͒ single-cycle terahertz frequency pulses. ͑b͒ Cross section of the microstrip, showing the region of evanescent field ͑6͒. ͑c͒ Results from a 3D Maxwell solver simulation of the 600 GHz filter response to placement of a 3 ϫ 3 ϫ 3 m 3 GaAs dielectric sample at several lateral ͑x , y͒ positions above the 600 GHz filter. Dark regions correspond to regions of high relative frequency shift induced by the dielectric brick.
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0003-6951/2008/92͑3͒/032903/3/$23.00using a scribing machine to cleave rectangular or square sections, with a typical lateral area of ϳ1 mm 2 . The GaAs samples were mounted on a separate brass holder attached to a three-axis translation stage ͑Ocean Optics͒, under computer control, to allow relative movement between the GaAs sample and terahertz circuit. This translation stage allowed GaAs samples to be positioned within the region of pulsed evanescent electric field generated above the microstrip waveguide by the integrated LT-GaAs emitters ͓Fig. 1͑b͔͒. Figure 2 shows a series of terahertz pulses ͑inset͒ taken as a function of separation of the sample and microstrip. As the GaAs sample approaches the microstrip, the amplitude of the terahertz pulse propagating in the microstrip line is both dampened ͑by up to ϳ25% upon contact͒ and delayed ͑by up to ϳ1.4 ps͒. For sample-microstrip separations Ͼ90 m, neither pulse attenuation nor delay were observed. Reproducible data were obtained irrespective of whether the samples approached or were withdrawn from the microstrip. A reference calibration measurement was taken before each point in Fig. 2 , with the sample withdrawn from the microstrip to well outside the evanescent field region ͑Ͼ100 m, as determined both experimentally and from a full threedimensional ͑3D͒ simulation made using a Maxwell solver͒, to remove the effect of any pulse amplitude drift over time.
Lateral translation experiments were then undertaken with the GaAs samples. Samples were translated ͑first in the x direction, Fig. 1͒ in a series of spatial steps across the microstrip at a fixed distance of ϳ5 m above the circuit ͓Fig. 3͑a͔͒, which was within the evanescent field region as determined earlier. A series of terahertz time-domain spectra were recorded, one at each spatial position. Figures 3͑b͒ and  3͑c͒ show the pulse attenuation and time delay, respectively. Figure 3͑d͒ shows the center frequency of the two band-stop filters attached to the microstrip line, assessed from Fourier transforms of the time-domain data ͑Fig. 2 inset͒. In region I, there is no sample/microstrip interaction since the GaAs sample is away from the evanescent field above the terahertz microstrip and band-stop filters. At the boundary between regions I and II, the leading edge of the GaAs sample starts to traverse the microstrip, and there is an increase in pulse attenuation and time delay over region II as the sample progressively covers the width of the microstrip. The boundary between regions II and III corresponds to the sample's leading edge completing its passage across the width of the microstrip, and at this point, the pulse attenuation and time delay saturate at their maximum values until the GaAs sample starts moving out of the microstrip evanescent field in region V.
It is important to note that the center frequency of the two terahertz filters ͑on the far side of the microstrip͒ are unaffected by the GaAs sample above the microstrip while it is in region II, as it is solely the evanescent field above the filters which determines their frequency response. In region III, the leading edge of GaAs sample starts to interact with the evanescent standing-wave electric field pattern of both band-stop filters; the 600 GHz filter responds earlier than the 260 GHz filter, since it is shorter ͑82 m compared with 194 m͒, and its active area is closer to the leading edge of the GaAs sample. The frequency shift of the filters saturates at the boundary between regions III and IV, where the GaAs sample now completely covers both filters and the microstrip. The small ͑Ϯ ϳ 12 V͒ fluctuations in attenuation in region IV are a result of a residual nonparallel component to the GaAs/circuit relative movement; experiments on sloped samples showed a large reduction in pulse amplitude and attenuation across this region ͑not shown͒, since the sample and microstrip separation then changed linearly during sample translation in the x direction.
Numerical electromagnetic simulations of the circuit response were undertaken using a 3D Maxwell solver ͓Fig. 1͑c͔͒. They indicate that the most sensitive region of evanescent field around each filter, as determined by the frequency shift induced by a close dielectric sample, is located at the 3 . ͑a͒ Schematic showing a GaAs dielectric sample ͑1͒ in the x / y plane undergoing progressive translation in the x direction, in the region of evanescent field above the microstrip ͑2͒ and two filters, centred at 600 GHz ͑3͒ and 260 GHz ͑4͒. The GaAs sample ͑x͒ width was ϳ770 m, while the microstrip lithographic ͑x͒ width was ϳ35 m. ͑b͒ Attenuation of terahertz pulses, determined from time resolved data, during lateral translation of the GaAs sample above the microstrip in the regions of evanescent field ͑I-VII͒ shown in ͑a͒. The signal amplitude with the sample well outside the evanescent field was ϳ1 mV. ͑c͒ terahertz pulse delay induced by the GaAs sample. ͑d͒ Center frequencies of the two band-stop filters attached to the microstrip ͑ϳ260 GHz filter data ͓ࡗ͔, and ϳ600 GHz ͓᭡͔͒, as assessed from Fourier transformation of time-domain data: In ͑b͒-͑d͒, all lines are guides to the eye. end furthest from the microstrip. When the GaAs sample is in region IV, the measured center frequency of each filter is predicted to shift in proportion to the permittivity of the dielectric sample above it. The maximum frequency shift ⌬ obtained in the experiments, under conditions of full contact between the GaAs and filters, was ⌬ = 265Ϯ 36 GHz for the 600 GHz filter, and ⌬ =80Ϯ 36 GHz for the 260 GHz filter, in agreement with the simulated response ͑⌬ = 225Ϯ 5 GHz for the 600 GHz filter and ⌬ = 87.5Ϯ 5 GHz for the 260 GHz filter͒, assuming a terahertz frequency relative permittivity for GaAs of r = 12.8.
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In regions V to VI, the trailing edge of the GaAs sample crosses first the microstrip, with the pulse attenuation and delay gradually falling to zero, and then the two filters, whose frequency shift is maintained into region VI. The 260 GHz filter, the active area of which is located further in the x direction, maintains its frequency shift longer than the 600 GHz filter. In region VII, the transit of the device by the GaAs is complete, and the pulse attenuation, delay, and frequency shifts in the two terahertz filter responses remain zero.
Similar scans of the GaAs samples were also made in the y direction, with the sample positioned symmetrically over the microstrip line in the x direction. The filter frequency response was similar to that observed in Fig. 3 for x scans ͑the spatial extent of the equivalent to region IV during y scans was 400 m, corresponding to the distance between the filters along the microstrip line in the y direction͒; moving the GaAs sample into the evanescent field solely above the 600 GHz filter left the 260 GHz filter response unaffected, and vice versa. The leading edge of y scans showed better resolution than x scans ͑see Fig. 4͒ , with full saturated frequency shift appearing over a length scale of ϳ20 m, compared with ϳ100 m for the x direction, owing to better localization of the electric field above each filter in the y direction than the x direction ͓in agreement with the simulations shown in Fig. 1͑c͔͒ . When GaAs samples were moved in the y or −y directions well away from the filter region, no change in filter frequency response was found.
Our results demonstrate that the origin of the observed filter frequency shift is the interaction between the electromagnetic field around the filter stub and the GaAs sample, and that this shift is unaffected by the terahertz pulse delay and attenuation induced by the interaction with the evanescent field above the microstrip. Owing to the localization of the terahertz electric field as a standing wave along the filter stub, the filter acts a sensitive local probe of its local dielectric environment, capable of mapping differences in permittivity at its center frequency as a sample is translated above it. We note that the frequency resolution of the Fourier transform used to obtain the filter response could be increased, by, for example, increasing the length of the parasitic microstrip line to remove signal reflections, which would allow the technique to produce precise mappings of the terahertz relative permittivity of dielectric materials. The ultimate accuracy of such maps can be estimated. Our modelling indicates that a frequency resolution of ϳ2 GHz ͑which has been achieved previously 16 ͒, would yield an equivalent uncertainty in relative permittivity for dielectric samples in direct contact with the filter of ⌬ r Ͻ Ϯ0.04 for 600 GHz ͑un-loaded͒ filters and ⌬ r Ͻ Ϯ0.10 for 260 GHz ͑unloaded͒ filters, for 4 Ͻ r Ͻ 16.
The ultimate spatial resolution of our scanned filter measurements is determined by the extent of the evanescent field around and above each filter. The present filters have dimensions 5 ϫ 82 and 5 ϫ 194 m 2 , yielding an active area at least ϳ60ϫ times smaller than the area above the microstrip line, and three orders of magnitude smaller than the diffractionlimited spot size of a typical free-space spectroscopy system ͑ϳ1 mm 2 ͒, even after including several microns on either side of the filters to account for the lateral fringing fields around the filter element shown in Fig. 1͑c͒ . The small dimensions of the filters provide a compelling justification for using their frequency shift, rather than the attenuation and time delay observed in the entire microstrip, for imaging applications. We also note that lithographically defined onchip waveguides offer benefit in terms of device stability compared with freestanding wire waveguides or dielectric fibers for spectroscopic applications, albeit with potentially shorter sample interaction lengths owing to the larger propagation losses found in on-chip systems.
The authors gratefully acknowledge financial support from the EPSRC, the Research Council UK "Basic Technology" programme, the Agilent Foundation, and the EC Framework VI programme "TeraNova." 1 FIG. 4 . Comparison between high spatial resolution scans of a GaAs sample, taken around a 600 GHz center-frequency filter, for the x ͓b͔ and y ͓᭡͔ directions. In each case, the region shown corresponds to the leading edge of the GaAs moving into the evanescent field above the 600 GHz filter ͑so producing a frequency shift͒. Solid lines are a guide to the eye. The measured y resolution ␦y is ϳ20 m, while the x resolution dx is ϳ100 m, owing to better localization of the evanescent electric field by the filter in the y direction.
